Trichothecenes and zearalenone (ZEN) are major mycotoxins produced by fungi in several genera including phytopathogenic Fusarium species. This short overview outlines molecular and genetic mechanisms of trichothecene biosynthesis. We also describe a biotechnological method for ZEN detoxification.
Introduction
Fusarium head blight (FHB) is a devastating disease of wheat and barley with significant impacts on agriculture. The disease is caused by pathogenic Fusarium species, such as F graminearum and F culmorum. These fungi invade early stage spikelets of host plants, and affect kernel development. In addition to a reduction in yields, the quality of grains is severely affected due to contamination with mycotoxins. Trichothecenes and zearalenone (ZEN) are mycotoxins associated with FHB and have adverse health effects on humans and livestock. For example, deoxynivalenol (DON) is suspected to be a causal factor in human IgA nephropathy and ZEN is known as a powerful oestrogen. While the ZEN biosynthesis pathway is yet to be investigated, trichothecenes have been a focus of research among major mycotoxins for the past 20 years. We briefly summarize recent progress in elucidating the molecular mechanisms of trichothecene biosynthesis and the evolution of the genes involved in the biosynthesis focusing on the trichothecene 3-O-acetyltransferase gene. In addition, our recent achievements in the biodegradation of ZEN are also described.
Biosynthesis of trichothecenes
The pathways for the biosynthesis of trichothecenes were determined through studies of blocked mutants and precursor feeding experiments (Fig. 1) . The pathway starts with a cyclization of farnesyl pyrophosphate (FPP) to trichodiene followed by three oxygenation steps leading to isotrichodiol (tricho-9-ene-2, 11-diol). Beyond this branch point (see Fig. 1 ), the pathway in Fusarium species proceeds via isotrichotriol (tricho-9-ene-2,3,11-triol) and trichotriol (tricho-10-ene-2,3,9-triol) to give isotrichodermol (3-hydroxytrichothecene), the first tricyclic intermediate with a toxic trichothecene skeleton. Importantly, Fusarium trichothecenes (e.g., DON, T-2 toxin) are not formed via trichothecene (12,13-epoxytrichothec-9-ene), which is produced by fungi belonging to other genera; e.g., Trichothecium, Myrothecium. Biosynthesis genes in the core trichothecene gene cluster A T-2 Toxin producer Fusarium sporotrichioides was initially used for genetic analyses. The first gene in the trichothecene pathway isolated from the fungus was Tri5 encoding trichodiene synthase , because of its importance to the biosynthesis. Following the isolation of Tri5, several pathway and regulatory genes were isolated based on the fact that some of the trichothecene genes are clustered around Tri5.
The genes with known functions include pathway genes Tri3, Trio , Tri7, Tri8, Tri11 , Tri12, and Tri13, and positive regulatory genes Tri6 and Tri10 (see Fig. 1 for the functions of pathway genes). Although two additional genes, Trig and Tri14, reside in this cluster, their functions are yet to be elucidated. These cluster genes were arranged in essentially the same manner in the genome of the DON producers, which belong to different Fusarium species (e.g., F gramienarum)
We further sequenced the region extending beyond these pathway and regulatory genes in F graminearum F15, but identified no other trichothecene genes. This gene cluster, designated as the Tri5-cluster, contained trichothecene genes for less than half the number of steps necessary for the biosynthesis of DON within a 25 kb region.
Trichothecene biosynthesis genes outside of the tri5-cluster Currently, three pathway genes, Tri101, Tri1, and Tri16, and one putative regulatory gene Tri15, are known to reside outside of the Tri5-cluster. The latter three were just recently identified in F. sporotrichioides .
Tri101 is involved in 3-O-acetylation of the trichothecene ring , which is implicated in the self-defensive mechanism of the trichothecene producers. Tri101 was isolated using T-2 toxin by the selection of fission yeast transformants carrying a cDNA expression library of F graminearum . Tri101 is located between an ammonia ligase (pho5) and a phosphate permease (ura7) gene in the genome of both F. graminearum and It is important to determine whether this fungal species also uses Tril or another unidentified gene to add a keto group to C-8 of the trichothecene skeleton.
As shown in Fig. 1 To extend our understanding of toxin biosynthesis from genetic and evolutionary viewpoints, comparative genomics of the producers and phylogenetically close nonproducers is expected to provide clues to the evolutionary history of the biosynthesis genes. Since whole genome sequences of closely related species which are trichothecene non-producers are not available, three loci were focused on for comparison; we examined the physical relationships of the non-trichothecene genes adjacent to Tri101 , Tri201 (see below), and the Tri5-cluster genes in the genome of the non-producers; i .e., F. oxysporum, F. moniliforme, and Fusarium sp. IFO 7772, which belong to the teleomorph genus Gibberella. Tri101-flanking regions Since pho5 and ura7 were also linked in the genome of the above non-producers , we cloned the corresponding ura7-to pho5 region of these Fusarium species . Although no homologous sequences were found by Southern analysis, a BLASTX search of these sequences revealed portions of predicted polypeptides with high similarities to the TRI101 polypeptide (Fig. 2) . While FspTri101 (Fusarium species Tri101) coded for a functional 3-0-acetyltransferase, FoTri101 (F pysporum Tri101) and FmTri101 (F moniliforme Tri101) were pseudo-genes. The existence of Trill in a trichothecene non-producer suggests that this gene existed in the fungal genome before the divergence of producers from non-producers in the evolution of Fusarium species. Tri201-flanking regions Although Tri101 is inactivated in F. oxysporum and F. moniliforme, these fungal species are able to acetylate C-3 of trichothecenes. This observation indicates that these trichothecene non-producers possess another as yet unidentified 3-0-acetyltransferase gene. To gain insight into the evolution of this trichothecene resistance (and potentially biosynthetic) gene in the genome of the trichothecene non-producer Gibberella, we cloned Tri201, an alternative functional 3-0-acetyltransferase gene, and its flanking regions from F oxysporum and F moniliforme . 
Detoxification of ZEN
In addition to a basic understanding of mycotoxin biosynthesis at the molecular level, it is important to establish an efficient and cost-effective system for the detoxification of mycotoxins. Enzymatic detoxification could offer a practical and efficient method of decontaminating ZEN. Microorganisms are promising genetic resources for the biodegradation of both natural and artificial (e.g., PCBs) toxic chemical substances.
Isolation of the ZEN detoxifying gene
While searching for microbial enzymes able to degrade Fusarium mycotoxins, we found that ZEN is converted to a far less oestrogenic product on incubation with Clonostachys rosea IFO 7063. The product was identical to that reported by El-Sharkawy et al., i.e., a fungal isolate of Gliocladium roseum NRRL 1859 transforms ZEN to 1-(3,5-dihydroxyphenyl)-10'-hydroxy-1'-undecen-6'-one (Fig.  3.) 25', which is far less oestrogenic than ZEN . However, neither the enzyme responsible nor the gene encoding it has been isolated from the fungus. We thus purified the hydrolase responsible for the detoxification from C. rosea IFO 7063 using a combination of salt precipitation and column chromatography. 
